Through a series of experiment in laboratory, this paper mainly clarifies the effects of the factors such as maximum stress level, minimum stress level, loading frequency and rest period on the fatigue life of concrete for airport pavement, and analyzes the failure probability due to flexural fatigue under different stress level. As a result, it is found that under high stress level, namely the maximum stress level is equal to or greater than 80%, the minimum stress level has no clear influence on the fatigue life of concrete, but when the maximum stress level is 70% its effect can not be ignored. Accordingly, the flexural fatigue equation of concrete for airport pavement, considering the minimum stress level, is derived.
BACKGROUND
In the design method for concrete pavement, the flexural fatigue has been one of the important problems. The current design criterion for concrete pavement in airport (1990) 1) does not fully consider the fatigue of concrete. The current criterion for concrete pavement in road (1984) 2) takes it into account, but which does not suit well that in airport. In general, the traffic loading in highway is high frequency and light load while in airport it is low frequency and heavy load. Therefore, it is necessary to study the fatigue of concrete for airport pavement in order to prolong its service life.
Since Van Ornum 3) gave the first fatigue curve of concrete cubes in compression in 1903, many scholars in home and abroad have researched the fatigue property of concrete and obtained many valuable results.
In Japan, the design method for concrete pavement in road, which is the same as PCA method 4) , is based on the research result of Iwama 5) . However, the composite stress of the warping stress and the traffic load stress is taken into account in this method.
According to the condition of low frequency and heavy load in airport, the purposes of this study are to clarify the effects of main factors on the fatigue life and derive the flexural fatigue equation of concrete for airport pavement, based on a series of experiments in laboratory.
LABORATORY EXPERIMENT (1) Material and mixing
The cement in this experiment is the Portland cement, and the aggregates are crushed stone, natural sand and crushed sand. The maximum size of coarse aggregate in the concrete is 40mm. The mixing proportions of concrete are shown in Table 1 . The target flexural strength of concrete is 5N/mm 2 after curing 28days. The size of specimens is 15×15×53cm. There are three specimens for flexural strength test, whose mean strength is 4.97N/ mm 2 .
(2) Experiment method
Before the fatigue experiments, the specimens should be cured for twelve weeks in water bath at 20 C. Because the fatigue test usually consumes longer time, when testing, it is necessary to apply the grease and wrap the vinyl resin thin film around the specimen in order to prevent it from drying. According to the testing method for the flexural strength of concrete (JIS A 1106), the vertical load is applied at the third-points of a rectangular beam specimen. The stress wave of the fatigue test is a sinusoidal wave. In the light of the testing duration, the maximum number of loading cycle is limited to 100,000 in most cases.
(3) Experiment conditions
Considering the temperature gradient through the concrete slab and the predominant traffic load on the concrete slab in airport pavement, the experiment conditions are determined in Table 2 . To investigate four main factors described in 3., the specimens are prepared and tested in a lump for each series.
EFFECT OF MAIN FACTORS
It should be mentioned that there are some censored data in the experiment. Those data are not simply omitted, but treated with the method derived from Hamada, et al. 6) The following four factors are studied here.
(1) Maximum stress level ( max S ) On this factor, the stress levels, which is defined as the ratio of the loading strength and the specimen flexural strength, are selected as 0 -70%, 20% -70%, 40% -70%; 0 -80%, 20% -80%, 40% -80% and 0 -90%, 20% -90%, 40% -90% (minimum-maximum), while the loading frequency is 1 Hz and the rest period is 0 s. All data are plotted in Fig.1 . Obviously, an approximate linear relationship is found. Moreover, under the given minimum stress level the fatigue life decreases with an increase of maximum stress level. This phenomenon indicates when the maximum stress level is higher, that is, it is closer to the strength of (2) Minimum stress level ( min S ) The minimum stress level is set to 0, 20% and 40% in this experiment. Fig.2 shows its effect on the fatigue life of concrete when the maximum stress level is 70%, 80% and 90%, respectively. The effect can be tested by the statistics. The testing method is: assumed that the means and the variances of two samples are equal. The sample means are tested by t-test while the sample variances are tested by F-test. The process is shown as follow.
When max S is 70%, comparing the two samples ( min S =0 and min S =40%) in Table 3 . Note: There is one censored data, which is labeled by *, when 
When the level of significance (α ) is 5%,
This illustrates that the assumption is true when the level of significance (α ) is 5%.
ii) Assumed: The sample variances are equal
This illustrates that the assumption is false when the level of significance (α ) is 5%.
In the same manner, it is found that: when max S is 80%, the above assumptions of the two samples ( min S =0 and min S =40%) are true when the level of On the basis of the above analyses, it is concluded: when the maximum stress level is equal to or greater than 80%, the minimum stress level has no clear influence on the fatigue life of concrete, but when the maximum stress level is 70% its effect can not be ignored. The reason is that 70% of stress level may be the threshold of the yield stress level. .3 . It is obvious that the fatigue life dramatically increases when the loading frequency is less than 1 Hz and the fatigue life at the loading frequency of 10 Hz is a little longer than that at 1 Hz. The finding is consistent with the results from other similar study found in the literature 7) . At this stress level, the higher frequency has not a detrimental effect on the fatigue life of concrete, but the lower frequency has. The reason might be that under lower frequency (here less than 1 Hz) an equivalent dead load, which is similar to the static load and is much larger than the "dynamic " load when the frequency is higher, is applied on the concrete, which forces the concrete to be always in a high stress condition. In airport, the frequency is usually low , so it should be fully taken into account when designing the concrete pavement. Table 5 gives the fatigue life under different rest periods when the maximum stress level is 80% and 90%, respectively, and the minimum stress level is 0. Fig.4 shows the relationship between rest periods and their average fatigue lives. From the figure, the rest periods have hardly an effect on the fatigue life of concrete when the stress level is 90%, but the fatigue life dramatically increases with the rest period when the stress level is 80%.
(3) Loading frequency

(4) Rest period
This phenomenon can be explained as follows. When the loading stress is sufficiently lower than the yield strength of concrete, the longer rest period can allow redistribution of stress and healing of strain, then the fatigue life of concrete becomes longer 3) . On the contrary, due to the higher stress, the rest period has no effect on the fatigue life of concrete.
In consideration of the test condition, a flexural fatigue equation of concrete in airport is derived under the condition of loading frequency of 1 Hz and rest period of 0 s. However, t he abovementioned factors must be taken into account when applying the equation to the pavement design.
FAILURE PROBABILITY OF FLEXURAL FATIGUE
The fatigue failure probability of material should be considered on researching its fatigue strength. According to the early researches 8), 9), 10), 11) , the relationship between the fatigue life (N) of concrete and the fatigue failure probability ( f P ) can be expressed in the logarithmic normal distribution model in terms of simplicity and practicability. Consequently, the fatigue failure probability of concrete flexural fatigue can be decided as follow.
where, f P -fatigue failure probability under given loading cycles, r -failure number of specimens, n -total number of specimens under given testing condition. Equation (1) is suitable for the normal case, namely, a specimen is failed. When the loading cycles reach limit loading cycles (100,000), but the specimen is not failed, thus this experiment stops. Such data is called as censored data. In this case, the failure probability of concrete flexural fatigue should be decided as follows.
(2) Table 6 gives the results of fatigue experiment under 0s of rest period and 1Hz of loading frequency. Note that the data labeled by * are the censored data in the table.
Accordingly, their failure probability ( f P ) can be calculated with the equation (1) and (2) , and the results are shown in Table 7 .
Assuming that the failure probability follows the logarithmic normal distribution, the data from Table  7 are plotted in Fig.5 -Fig.7 . As the equations can be obtained as to any failure probability, the probability should be properly selected from a structural design viewpoint. Obviously , when the failure probability is the same, the fatigue life of concrete increases with decrease of stress level. Accordingly, the flexural fatigue equation under different minimum stress levels can be obtained with the least squares fit method as follows, when the failure probability is 50%, for instance. These relationships are described in Fig.8 
FATIGUE EQUATION CONSIDERING MINIMUM STRESS LEVEL
The relationship between the maximum stress level and the fatigue life is given in max S~N diagram as shown in Fig.1 , but the authors' results illustrate that the minimum stress level has an influence on the flexural fatigue life of concrete as described above. Therefore, the effect of the minimum stress level must be taken into account for the flexural fatigue equation.
Here, a concept of stress amplitude is introduced, which is the difference between the maximum and minimum stress level, i.e. 
where, r S -stress amplitude (%).
On analyzing the results from Table 6 , it is found that there is a good linear relationship between the mean fatigue life and the stress amplitude at the rest period of 0s and the loading frequency of 1 Hz, as shown in Table 8 .
The regression equation of the authors' results can be obtained with the least squares fit method as equation (4) . Its correlation coefficient is 0.911 and the standard deviation is 0.057. 
Consequently, the equation (4) is regarded as the flexural fatigue equation of concrete in airport.
Additionally, in Fig.9 the data under other conditions are also plotted. The relationship can not be obtained quantitatively , but it is found that the fatigue life increases with the rest period; and it decreases with the loading frequency. The conclusions are consistent with the previous ones.
CONCLUSIONS
The following are the main conclusions of this study. 1) When studying the fatigue of concrete in airport pavement, its features of high stress level in concrete and low frequency loading should be considered. 66 2) Under the given minimum stress level, the fatigue life decreases with the increase of maximum stress level, which is an approximate linear relationship. 3) When the maximum stress level is equal to or greater than 80%, the minimum stress level has no clear influence on the fatigue life of concrete, but when then maximum stress level is 70% its effect cannot be ignored. 4) At % S max 80 = , the lower frequency has a detrimental effect on the fatigue life of concrete; but the effect of the higher frequency is not so. The loading frequency of 1 Hz is a threshold value. 5) When the loading stress is lower than the yield strength of concrete, the longer rest period prolongs the fatigue life of concrete. On the contrary, in the higher stress level, the rest period has no effect on the fatigue life of concrete. 6) The fatigue failure probability follows the logarithmic normal distribution model. Moreover, when the failure probability is the same, the lower the stress level, the longer the fatigue life of concrete is. The fatigue equations for different minimum stress levels are obtained when the probability is 50%. 7) Considering the minimum stress level, the flexural fatigue equation of concrete for airport pavements is derived.
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